We have analysed the eects of p53 and of the apoptosis susceptibility gene Rapop1 (Radiation-induced apoptosis 1) located on chromosome 16 on glucocorticoid-and radiation-induced in vivo apoptosis of thymocytes. For those analyses, we used Rapop1 semicongenic mice heterozygous for the STS and BALB/cHeA alleles in the chromosomal segment containing Rapop1 in the BALB/cHeA background, mice bearing a p53 de®cient allele in the BALB/cHeA background and the genetic crosses between these mice. The p53 wild type mice with a STS/A allele at the Rapop1 locus were less susceptible to both radiation-and glucocorticoid-induced apoptosis than those with homozygous BALB/cHeA alleles at this locus. Surprisingly, glucocorticoid-induced apoptosis was enhanced in the p53 hemizygous mice and considerably increased in the p53 nullizygous mice. In contrast, a sizable reduction of radiation-induced apoptosis was seen in the p53 hemizygous mice. The low susceptiblity to glucocortocoid-induced apoptosis linked to the STS allele of Rapop1 was less pronounced in the p53 hemizygous mice and a diminished eect of Rapop1 on radiationinduced apoptosis was seen in these mice. Although it remains to be established whether the genes modulating glucocortocoid-induced apoptosis are identical to p53 and Rapop1, our data suggest that p53 and Rapop1 may participate in glucocorticoid-induced apoptosis of thymocytes.
Keywords: p53; glucocorticoid-induced apoptosis; apoptosis susceptibility genes; genetic analysis; mouse Susceptibility to radiation-induced apoptosis in the thymus can re¯ect genetic polymorphisms correlated with the cellular response to DNA damage or immune systems. Possible relevance of such polymorphisms to the propensity for tumorigenesis or immunological abnormalities has been discussed (Mori et al., 1995b; Weil et al., 1997) . We have analysed the genetic basis of susceptibility to radiation-induced apoptosis of thymocytes using the recombinant congenic CcS/Dem (CcS) strains (Demant and Hart 1986) , whose parental strains BALB/cHeA (BALB/c) and STS/A (STS) are susceptible and resistant, respectively, to radiationinduced apoptosis and mapped three apoptosis susceptibility loci Rapop1-3 on chromosomes 16, 9 and 3, respectively (Mori et al., 1995a,b) . To obtain a congenic strain for Rapop1, we repeated four times backcrossing of the CsS-7 mice, a recombinant congenic strain of the CcS/Dem series with approximately 12.5% STS genome in the BALB/c background (Stassen et al., 1996) , to their background strain BALB/c and selected the mice with the STS allele in the approximately 7.4 cM interval spanning D16Mit32 ± D16Mit73 ± D16Mit34 on chromosome 16, to which Rapop1 is mapped (Mori et al., 1995a) , as Rapop1 C/S heterozygous semicongenic mice.
The product of the tumor suppressor gene p53 accumulates in response to DNA damage and causes cell cycle arrest by activating transcription of p21
), or depending on cell types and extracellular conditions, apoptosis by transcription-dependent or -independent mechanisms (Ko and Prives, 1996; Levin, 1997) . p53 plays a primary role in radiationinduced apoptosis of thymocytes (Lowe et al., 1993) . Glucocorticoids (GCs) are potent anti-in¯ammatory drugs and they activate or downregulate a variety of genes associated with immune regulation through the glucocorticoid receptor, a ligand-activated transcription regulator, by direct or indirect mechanisms involving association and dissociation between NFkB and IkB (Kerppola et al., 1993; Auphan et al., 1995; Scheinman et al., 1995) . GCs also induce apoptosis of thymocytes (Wyllie, 1980) , but p53 is not indispensable for glucocorticoid-induced apoptosis of thymocytes (Lowe et al., 1993; Clarke et al., 1993) .
To test the eects of Rapop1 on GC-and radiationinduced apoptosis of thymocytes in the context of p53, we analysed the genetic crosses between the Rapop1 C/S heterozygous semicongenic mice and the p53 de®cient mice (Donehower et al., 1992) , which were subjected to backcrossing for at least three generations with BALB/c mice before starting experiments at The Netherlands Cancer Institute. Here, we show unexpected enhancement of GC-induced apoptosis of thymocytes in the mice with the chromosomal region bearing a deleted p53 allele and a modulation of GCinduced apoptosis linked to the radiation-induced apoptosis susceptibility gene Rapop1.
The STS allele of Rapop1 confers partial resistance to radiation-induced apoptosis in the p53+/+ and +/7 mice
We examined the eect of Rapop1 on radiation-induced apoptosis of thymocytes in the context of the deletion of the p53 allele, using the cross between the Rapop1 C/S heterozygous semicongenic mice and the p53+/7 mice. Mice were irradiated by 0.5 Gy of whole-body Xirradiation and 4 h after X-irradiation picnotic cells were scored in the thymus sections stained with haematoxylin and eosin (HE), as described elsewhere (Mori et al., 1992) . Number of apoptotic cells detected by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-digoxigenin nick end labeling (TUNEL) method (Gavrieli et al., 1992) using ApopTag TM (Oncor Inc., Gaithersburg, MD, USA), was consistent with the dead cell score determined by HE staining in our experiments (data not shown). Genotyping for the microsatellite marker D16Mit34 was performed by PCR and polyacrylamide gel electrophoresis using the primers purchased from Research Genetics Inc. (Huntsville, AL, USA). p53 wild type and de®cient alleles were detected by PCR with the primers forward 5'-CGACCTCCGTTCTCTCTCCTCTCTT-3' derived from intron 4 (GenBank accession No. U70769) and reverse 5'-AGACGCACAAACCAAAACAAAATTA-CA-3' derived from intron 6 (Goodrow et al., 1992) , and forward 5'-GCCTTCTATCGCCTTCTTGAC-GAGT-3' derived from the neo-cassette (GenBank accession No. V00618). The PCR program for p53 consists of 1 cycle of 3 min 948C, 35 cycles of 75 s 948C, 1 min 628C and 75 s 728C, 1 cycle of 3 min 728C and 1 min 308C. Linkages and interlocus interactions were tested by analysis of variance (NCSS, Kaysville, UT, USA) with the genotype and the sex as ®xed factors and the day of experiment as a random factor, according to the procedure by van Wezel et al. (1996) . The results are shown in Table 1 . In the mice bearing the deletion of a p53 allele, dead cell scores were more than 50% reduced as compared with those in the p53+/+ mice (P510
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), in accordance with the crucial eect of p53 in radiationinduced apoptosis so far veri®ed (Lowe et al., 1993) . Dead cell scores for the mice with the STS allele of D16Mit34 were lower than those for the mice homozygous for the BALB/c alleles (P=0.0004), recon®rming the presence of Rapop1 linked to this marker (Mori et al., 1995a) . Interaction between D16Mit34 and p53 was not signi®cant (P40.6). When the scores were sorted by the p53 genotype, the STS allele of D16Mit34 caused approximately 25% reduction of the dead cell score in the p53+/+ mice (P=0.0004), and 20% reduction, in the p53+/7 mice (P=0.0129). We also tested the p537/7 mice carrying homozygous BALB/c or heterozygous BALB/c and STS alleles at the D16Mit34 locus for susceptibility to radiation-induced apoptosis. The p537/7 showed a low level of apoptosis similar to that in the unirradiated p53+/+ mice , and the eect of Rapop1 was not observed in these irradiated p537/7 mice (data not shown).
Low sensitivity to GC-induced apoptosis associated with the STS allele of Rapop1
We tested whether Rapop1 also aects GC-induced apoptosis using Rapop1 C/S heterozygous mice and their Rapop1 C/C homozygous littermates. Mice were injected intraperitoneally with 0.5 mg/kg body weight of dexamethasone dissolved in 0.9% NaCl solution, an approximately 50 times lower dose than that used in the in vivo experiments of Lowe et al. (1993) . Apoptotic cells were scored in the thymus sections 3 h after the injection, when apoptosis shows a peak incidence followed by a rapid decrease due to phagocytosis at such a low dose of dexamethasone (data not shown). As shown in Table 2 , the scores for the Rapop1 C/S heterozygous mice were signi®cantly lower than those for their C/C homozygous littermates (P=0.0062). These Rapop1 C/S heterozygous mice were further subjected to backcrossing with BALB/c and the cross between Rapop1 C/S heterozygous males and females of the 5th backcross generation was tested. The mean dead cell scores+s.e. for the BALB/c homozygous, BALB/c and STS heterozygous, and STS homozygous genotype at the marker D16Mit34 were 220+13 (n=16), 168+10 (n=26) and 173+15 (n=12), respectively. Although the dierence among the three genotypes was signi®cant (P=0.0114), the mean dead cell score for the STS homozygous genotype of D16Mit34 did not dier from that for the BALB/c and STS heterozygous genotype.
Modulations of GC-induced apoptosis linked to the p53 deletion and to Rapop1
As low susceptibility was linked to the STS allele of Rapop1 in both radiation-and GC-induced apoptosis, we tested susceptibility to GC-induced apoptosis in the genetic contexts of Rapop1 and of p53 by mating the Table 3 . Unexpectedly, in the p53+/7 genotype scores were higher than those in the p53+/+ genotype (P=0.0008). Relative resistance of apoptosis was linked to the STS allele of D16Mit34 (P=0.0079), in concordance with the data in Table 2 . Interaction between p53 and D16Mit34 was not signi®cant (P40.8). When the scores were sorted by the genotype of p53, the linkage to D16Mit34 was signi®cant in the p53+/+ mice (P=0.029), but not in the p53+/7 (P=0.1151).
To de®ne the eect of the p53 deletion on GCinduced apoptosis separately from that of Rapop1, we mated p53+/7 males and females of the 6th backcross generation to the BALB/c and compared the level of GC-induced apoptosis of thymocytes in the p537/7 mice with that in their p53+/+ littermates (Figure 1) . Most of the scores for the p53+/+ mice were distributed in the narrow range 100 ± 200 (mean dead cell score+s.e., 154+8, n=15). In contrast, scores for the p537/7 mice were broadly distributed, and the majority of the scores was higher than 300 (mean+s.e., 349+53, n=13). Percentages of apoptotic cells ranged 2 ± 6% and 4 ± 10% for the p53+/+ and 7/7 genotypes, respectively. The dierence between the two genotypes for p53 was highly signi®cant (P=0.0001, Mann-Whitney test). To con®rm the linkage of the enhanced GC-induced apoptosis to the p53 deletion, we repeated the tests using the cross between the p53+/7 males and females of the 9th backcross generation to the BALB/c. The mean dead cell scores+s.e. for the p53+/+ , +/7 and 7/7 mice were 188+21 (n=9), 225+19 (n=11) and 324+26 (n=6), respectively, recon®rming the enhancement of GC-induced apoptosis linked to the deletion of p53 in the BALB/c background (P=0.0025).
In the present study, we showed that GC-induced apoptosis of thymocytes is enhanced in the mice with the p53 de®cient allele. In contrast, p53 de®cient mice exhibited a resistance to radiation-induced apoptosis, consistent with the other reports (Lowe et al., 1993) .
It has been established that thymocytes undergoing GC-induced apoptosis show no detectable increase of p53 protein, while p53 protein is post-transcriptionally increased during radiation-induced apoptosis (Lowe et al., 1993; Clarke et al., 1993 ). However, a physiological level of p53 expression has been reported to play a signi®cant role as a check point for V(D)J recombination during T-cell development in the thymus, possibly by eliminating the cells harboring unsuccessful recombination via apoptosis (Guidos et al., 1996) . On the other hand, GCs have been suggested to regulate positive and negative selection of thymocytes by mutually antagonistic interaction with T-cell receptormediated signaling (Iwata et al., 1991; Vacchio and Ashwell 1997) . Thus, the dierent pathways for apoptosis may interfere with each other during T-cell development. According to the recent studies on stressinduced apoptosis, the transcription activation by GC receptors or p53 protein is followed by the mitochondrial permeability transition, and culminates in the irreversible activation of caspases (Marchetti et al., 1996; Shimizu et al., 1996) . Interestingly, it was reported by Yu et al. (1997) that p53 protein physically interacts with GC receptors and suppresses GC-dependent transcriptional activation, suggesting the presence of interference of p53 with GC-induced apoptosis. Our ®ndings may re¯ect such interaction between a physiological level of p53 protein and GC receptors at the transcription activation step for apoptosis. However, it is possible that another apoptosis susceptibility gene adjacent to the p53 de®cient allele, which might be co-introduced to the BALB/c mice together with the p53 de®cient allele from the p53-targeted 129/Sv ES cells (Donehower et al., 1992) during backcrossing to the BALB/c mice, is responsible for the enhanced GC-induced apoptosis.
We also showed that a low susceptibility to both radiation-and GC-induced apoptosis of thymocytes was linked to the STS allele of Rapop1 in the p53+/+ mice. In the p53+/7 mice, the eect was diminished in radiation-induced apoptosis and less pronounced in GC-induced apoptosis. Possibly, the action of Rapop1 on apoptosis is supported by the presence of p53. The present study showed possible participations of p53 and of Rapop1 in GC-induced apoptosis. However, it also remains to be established whether the gene linked to susceptibility to GC-induced apoptosis on chromosome 16 harboring Rapop1 is actually identical to Rapop1.
